We aimed to determine whether amyloid imaging can help predict the location and number of future hemorrhages in cerebral amyloid angiopathy (CAA).
Small vessel brain disease is associated with a range of brain lesions including white matter T2 hyperintensities, cerebral microbleeds, lacunar lesions, and cerebral microinfarcts. [1] [2] [3] The precise relationship between location of the small vessel pathology and the resultant brain lesions has been difficult to establish, however, largely because of inability to image the small vessels during life. An important advance in this regard was the development of the thioflavin T derivative Pittsburgh compound B (PiB) for in vivo imaging of fibrillar ␤-amyloid (A␤). A series of studies have demonstrated that PiB labels not only parenchymal A␤ in senile plaques 4 but also the cerebrovascular A␤ deposits [5] [6] [7] [8] [9] that define cerebral amyloid angiopathy (CAA).
A spatial relationship between vascular amyloid and lobar bleeds in CAA has been suggested by neuropathologic studies 10, 11 and one cross-sectional radiologic analysis using PiB-PET imaging. 12 There are no prospective studies of patients with CAA followed over time, however, making it difficult to determine the cause-effect relationship between amyloid deposits and bleeding or whether amyloid burden continues to predict bleeding in patients with CAA after their initial presentation and diagnosis. We therefore performed a longitudinal study to address whether PiB-PET imaging can predict sites of impending hemorrhage, and more broadly, whether overall PiB burden provides information about the likelihood of future bleeding throughout the brain.
METHODS Study subjects. We performed a prospective, longitudinal cohort study of 11 patients with CAA who underwent baseline PiB-PET and MRI (including T2*-weighted sequences) followed by a second follow-up MRI at least 12 months later. The subjects were recruited from an ongoing single-center prospective longitudinal cohort study of the natural history of CAA. 13 Detailed information including demographics, clinical status, risk factors, and characteristics of the presenting event were prospectively recorded at the time of cohort entry. None of the 11 subjects had dementia and all were free of symptoms suggestive of new stroke for 1 year prior to PiB-PET. None of the patients were treated with anticoagulation. All 11 subjects met criteria for probable CAA according to Boston criteria, 14 including supporting CAA pathology in 4 subjects. The APOE genotype was determined from patients' blood samples as previously described. 15 Standard protocol approvals, registrations, and patient consents. This study was performed with the approval of and in accordance with the guidelines of the institutional review board of Massachusetts General Hospital and with the informed consent of all subjects or family members.
Imaging acquisition and analysis. All subjects had a PiB-PET scan between April 2006 and January 2009 as previously described. 7 In brief, N-methyl-[ 11 C]2-(4-methylaminophenyl)-6-hydroxybenzothiazole (PiB) was prepared at Massachusetts General Hospital. Subjects were positioned in either of 2 PET cameras for dynamic acquisition, a Siemens/CTI ECAT HRϩ scanner (3D mode; 63 image planes; 15.2 cm axial field of view; 5.6 mm transaxial resolution and 2.4 mm slice interval; 69 frames: 12 ϫ 15 seconds, 57 ϫ 60 seconds, Knoxville, TN) or a GE PC4096 scanner (2D mode; 15 image planes; 10.0 cm axial field of view; 7.0 mm transaxial resolution and 6.0 mm slice interval; 39 frames: 8 ϫ 15 seconds, 4 ϫ 60 seconds, 27 ϫ 120 seconds, Milwaukee, WI). After a transmission scan, 8.5 to 15 mCi 11 C-PiB was injected as a bolus and followed immediately by a 60-minute dynamic acquisition. Distribution volume ratio (DVR) was calculated for each voxel using cerebellar cortex as the reference tissue input function and whole brain parametric images were constructed. DVR in 3 predefined regions of interest (ROI) routinely used in our PET laboratory were calculated for each subject as an overall measure of PiB retention: mean global, mean superior frontal/parasagittal, and mean occipital DVR values. 7 Each of these aggregate ROIs included the full thickness of the cortex and immediate subcortical white matter in these regions. Anatomic descriptions of the global and occipital ROIs have been previously reported. 7 The superior frontal/ parasagittal ROI included bilateral superior and middle frontal gyri (both medial and lateral aspects) and precuneus. 16 Each patient underwent research T2*-weighted MRI for detection of cerebral hemorrhages within 1 month after PiB-PET imaging and a further follow-up T2*-weighted MRI to identify new (incident) bleeds at least 12 months later. Previously described protocols were used to obtain gradient-echo or susceptibility-weighted imaging (SWI) MRI scans at 1.5 T. 17 Each subject had the baseline and follow-up scans performed using the same imaging protocol and scanner. Microbleeds were identified according to previously published guidelines. 18 An experienced rater blinded to the results of the PiB-PET scans reviewed the 2 MRI scans and manually traced incident microbleeds and macrobleeds (figure 1, A-C) using the Freeview tool incorporated into Freesurfer image analysis suite (documented and freely available at http://surfer.nmr.mgh.harvard.edu/). The number and location of hemorrhagic lesions at baseline and new microbleeds at follow-up were recorded for each patient. The incident hemorrhage ROIs were saved as a 3D map for each patient. To generate an appropriate comparison for the incident bleeds, a previously validated computer script placed 200 "simulated" bleeds on the second T2* MRIs according to a centroid probability distribution function derived from 370 hemorrhagic lesions detected by T2*-weighted MRI of 51 subjects with probable CAA. 12 These "simulated" bleed maps were visually inspected to correct for overlap with actual bleeds as well as regions outside of brain parenchyma; any such occurrence was deleted and the resultant control maps were saved. Another previously described computer script was used to obtain 5 concentric ROIs (shells) of 2 mm thickness each, around the actual and simulated lesions. 12 The PiB-PET scans were coregistered to the second T2* MRI scans containing the observed incident and simulated control bleed maps using the tkregister tool in the Freesurfer Image Analysis suite. Mean DVR values corresponding to the locations of each incident or simulated hemorrhage were obtained from the PiB-PET scans ( figure 1D ). Mean DVR values corresponding to the 5 concentric ROIs surrounding the actual and control bleeds were similarly obtained.
Statistical analysis. Bivariate comparisons were performed using 2 test for ratios and t test or Wilcoxon rank sum test for continuous variables depending on their distribution. Mean PiB-PET DVR values were compared between 1) sites of observed incident bleeds and sites of simulated bleeds, and 2) sites of incident bleeds and the 5 concentric shells placed at increasing distances around them. These primary analyses were performed by linear mixed-effects models to account for fixed effects (age, gender, number of bleeds at first MRI, time between PiB-PET and second MRI, number of new microbleeds) and random effects (controlling for subject-specific contributions None of the other fixed effects mentioned above was significant in this model. Increased PiB retention appeared to characterize sites of future macrobleeds as well as microbleeds ( figure 2) , though the few incident macrobleeds precluded a separate analysis. Very similar results were obtained when the new macrohemorrhages were excluded and the analysis was restricted to microbleeds (mean DVR ϭ 1.34, 95% CI 1.22-1.45 for observed CMB; 1.14 and 1.07, 1.22 for simulated CMB, p Ͻ 0.0001). The baseline amyloid load did not differ between sites of incident microbleeds and macrohemorrhages ( p ϭ 0.13). Using a cutpoint DVR of 1.22 (the lower limit of the CI for actual new microbleeds and the upper limit for the simulated microbleeds), we found that lobar locations with elevated PiB retention had increased risk of having an incident bleed (odds ratio ϭ 5.21, 95% CI 3.06 -8.88, p Ͻ 0.0001). We also analyzed the falloff of DVR between the center of the observed bleeds and each of 5 surrounding 2-mm-thick ROIs. Mean DVR decreased with increasing distance from the center for observed new bleeds ( p Ͻ 0.0001) by an average of 0.034 Ϯ 0.003 per shell. Despite the decrease in DVR with increasing distance from the centers of the observed hemorrhages, the values in each of these concentric shells were greater than the corresponding shells placed around the sites of simulated hemorrhages (figure 3). 
Mean PiB PET values in prediction of incident hemor-
rhages. We tested 3 prespecified measures of overall baseline PiB retention as potential predictors of future risk of hemorrhage at any site. Mean DVR of an aggregate superior frontal/parasagittal ROI that includes bilateral middle and superior frontal gyri and precuneus showed a strong correlation with the number of incident microbleeds on follow-up MRI ( ϭ 0.76, p ϭ 0.007) in this small sample ( figure 4 ), significant at the Bonferroni-corrected threshold used to account for the 3 ROIs tested. The association between PiB retention in this ROI and number of incident microbleeds remained independent ( p ϭ 0.003) after adjustment for number of baseline microbleeds, age, and APOE genotype. This association did not change when the total number of incident hemorrhagic lesions (microbleeds ϩ macrobleeds) was used as the outcome measure, instead of new microbleed counts. The number of microbleeds at baseline was the only other independent predictor of incident microbleeds on follow-up ( p ϭ 0.001). Incident microbleeds were not predicted by mean DVR in the other 2 examined ROIs: aggregated global ( ϭ 0.47, p ϭ 0.14) and occipital ( ϭ 0.21, p ϭ 0.5) regions.
DISCUSSION
The major finding from this analysis was that new hemorrhagic lesions in patients with CAA occur preferentially at sites in which PiB retention was elevated at baseline. PiB retention at sites of future bleeding was significantly greater than other locations typical of CAA-related hemorrhage (identified by a probability density map compiled across other CAA subjects) and higher than regions at increasing distances from the site of incident hemorrhage. The difference in multivariable-adjusted mean DVR at observed vs simulated hemorrhage sites (1.34 vs 1.14) represents a 2.4-fold increase above the expected background DVR of 1, and thus appears to represent a substantial elevation in local amyloid deposition. We additionally found that overall burden of CAA in a superior frontal/parasagittal ROI was an independent predictor for number of future hemorrhages, a further indication of the link between vascular amyloid burden and risk of bleeding. The longitudinal results strongly support the idea that local accumulations of amyloid trigger future vessel rupture and hemorrhage. The association between sites of hemorrhage and PiB seen in prior cross-sectional analysis 12 did not identify which finding preceded the other, leaving open the possibility that local blood might somehow promote PiB retention rather than vice versa. Histopathologic staining did not find that hemorrhage products bind PiB, however, 12 and the current longitudinal analysis fully establishes that elevations of PiB precede the occurrence of bleeding. Another idea supported by the current findings is that sites of higher amyloid burden continue to mark increased risk of further bleeding in individuals after their initial clinical presentation, when they could potentially be treated with (as yet unidentified) disease-modifying therapies. We observed that PiB retention in the superior frontal/parasagittal region predicted number of future hemorrhages, independent of other known predictors such as baseline hemorrhage count, and significant after correction for multiple hypothesis testing. If this finding is confirmed, PiB PET might offer the potential for detecting patients with CAA at increased risk of incident hemorrhages at a relatively early stage of their disease. CAA shows a general predilection for posterior brain regions 22 and the distribution of PiB in advanced CAA is characterized by relatively greater occipital signal compared to patients with AD. 7, 9 We nonetheless observed that among patients with CAA without dementia, those with highest upper convexity burdens tended to have more new hemorrhages at follow-up ( figure 4 ). This result was unexpected and clearly requires replication. If confirmed, a possible explanation is that while CAA tends to produce relatively high occipital burdens, greater disease severity among patients with CAA may actually correlate with increasing deposition in upper convexity. It is also possible that CAA's occipital predilection could affect PiB retention via flow-related mechanisms, such that occipital retention may not as closely reflect underlying amyloid pathology as frontal and precuneus PiB. To help ex-clude the further possibility that this small group was not representative of patients with CAA at large, we compared the distribution of baseline and incident hemorrhages in our cohort with the microbleed distribution in a previously published larger cohort of patients with CAA 21 and found no differences. This result suggests that our patient group was not substantially different from other patients diagnosed with CAA.
This longitudinal analysis of PiB retention and hemorrhage location suffers from several methodologic limitations. One limitation is the small sample size (11 subjects, 73 new hemorrhage lesions), which was nonetheless sufficient to yield strong statistical associations. We also note that PET imaging has relatively poor spatial resolution, causing some imprecision in our ability to colocalize PiB retention and hemorrhage location. Importantly, both of these sources of error would be expected to bias the data toward the null hypothesis (that there is no relationship between the 2 lesions) rather than toward a positive association. Another factor to consider in our analysis is the role of parenchymal Alzheimer pathology, as senile plaques, 4 like vascular amyloid, [5] [6] [7] 9 bind PiB. Amyloid-containing parenchymal plaques and vascular amyloid pathology often coexist in AD and CAA. 8 It is therefore likely that at least part of the PiB retention in our cohort resulted from parenchymal (rather than vascular) amyloid pathology, which may contribute as a risk indicator for incident hemorrhage. There are nevertheless several arguments indicating that vascular amyloid is mechanistically responsible for incident hemorrhages in this CAA cohort. There are no established mechanisms by which parenchymal amyloid deposits cause hemorrhage, suggesting that the observed spatial associations between amyloid burden and incident hemorrhages reflect CAA rather than AD pathology. Also, our patient cohort had normal Mini-Mental State Examination scores (median 29, IQR 28 -30) and none had dementia clinically, arguing against the presence of full-blown AD pathology. Thus although some degree of overlap in parenchymal and vascular amyloid deposits is inevitable in both CAA and AD research, the observed data are suggestive of a robust underlying spatial association between CAA severity and incident hemorrhage.
One implication of the current results is to offer further support for the possibility that preventing or reducing vascular amyloid might lower the risk of future CAA-related bleeding. This possibility has not yet been directly tested, and indeed animal and human studies of anti-amyloid immunotherapy have suggested a complex picture in which bleeding risk may be increased at least transiently. 23, 24 Another possibility raised by these data are that markers of overall amyloid burden, such as the composite superior frontal/parasagittal ROI identified in the current study, may find clinical use as predictors of hemorrhage risk. Determining hemorrhage risk plays an important role in clinical decision-making, particularly for determining when the benefits of long-term anticoagulation outweigh its risk. 25 Although it is unclear whether amyloid imaging will offer strong enough prognostic information to tip clinical decisions toward or away from anticoagulation, this approach represents an intriguing potential tool for risk stratification in patients with CAA.
